The aim of this study was the qualitative and quantitative analysis of the calcareous nannofossil assemblages of the Machów Formation, belonging to the supra-evaporitic complex of the Polish Carpathian Foredeep Basin (PCFB). The work was concentrated in the eastern part of the PCFB, in the Sieniawa-Rudka area (Ryszkowa Wola Horst). Samples were collected from the Rudka-13 and Wylewa-1 boreholes. On the basis of calcareous nannoplankton, these deposits were assigned to the upper part of the NN6 Zone combined with the NN7 Zone, which corresponds to the Sarmatian s.s. of the Central Paratethys (upper Serravallian of the Mediterranean scale). Conclusive determination of the biozone NN7 was problematic, owing to the absence of the rare zonal marker species Discoaster kugleri. The typical association of the undivided NN6-NN7 Zone was of low species diversity and usually dominated by Coccolithus pelagicus, Cyclicargolithus floridanus and Reticulofenestra pseudoumbilica (> 7 μm). On the basis of the relative abundance of species, a significant amount of redeposition was deduced. The reworked nannofossils were mostly Eocene in age. The Oligocene, Early Miocene and Late Cretaceous species occurred much less frequently. The dominance of Eocene forms indicates the Carpathians as the main supply area. The Late Cretaceous taxa may have originated from the Senonian marly deposits of the Miechów Trough in the north. Statistical treatment of the quantitative data was performed using multivariate cluster analysis and Nonmetrical Multidimensional Scaling (nMDS). The composition of the calcareous nannofossil assemblages, together with the high percentage of allochthonous taxa, indicate a shallow, coastal environment with a high supply of nutrients.
INTRODUCTION
The late Badenian and Sarmatian succession in the NE part of the Polish Carpathian Foredeep Basin (PCFB), more than a kilometre thick, is predominantly composed of fine-grained, poorly consolidated, siliciclastic deposits, belonging to the Machów Formation. In the Central Paratethys, the late Badenian (early Serravallian) was the last period of fully marine conditions (Kováè et al., 2007) , during which a short-lived connection between the Central and Eastern Paratethys was re-established (Studencka and Jasionowski, 2011, and references therein) . The late Badenian (Kosovian) transgression was related to the last, but very intense phase of the PCFB subsidence, which ended ca. 10.5 Ma . At the Badenian-Sarmatian boundary, the open ocean connections of the Central Paratethys were severely restricted, which caused a faunal re-orienta-tion (Piller et al., 2007) . During the Sarmatian, the Central Paratethys become almost completely sealed off from the Mediterranean, but was well connected to the Eastern Paratethys (Rögl, 1998; Piller et al., 2007; Studencka and Jasionowski, 2011) . Towards the end of the Middle Miocene, the eastern Carpathian Foreland changed from the geo-and hydrodynamic regime of the Central Paratethys to that of the Eastern Paratethys (Piller et al., 2007) .
The objective of this research was the biostratigraphic and palaeoecological interpretation of the Machów Fm in the north-eastern part of the PCFB (Sieniawa-Rudka area, Ryszkowa Wola Horst), on the basis of calcareous nannofossil assemblages from the Wylewa-1 (W-1) and boreholes. Recently, the Machów Fm deposits in this area were intensively studied by Krzywiec et al. (2005) and Mastalerz et al. (2006) . The primary aim of the present work was the estimation of quantitative relations between autochthonous and allochthonous assemblages of calcareous nannoplankton. The approximate percentage of the allochthonous group is an important component in the assessment of the intensity of erosion in the supply areas (i.e. the European Platform and the Carpathian orogen). These areas strongly differ in geological structure and in the ages of calcareous nannoplankton, with Mesozoic associations occurring on the platform and Palaeogene in the Flysch Carpathians.
GEOLOGICAL SETTING
The PCFB (Fig. 1) , about 320 km long and up 100 km wide, is a part of the Alpine foreland basin system. It developed as a northern peripheral basin, related to the overthrusting Carpathian front (see Oszczypko, 1998 Oszczypko, , 1999 Oszczypko et al., 2006) . It is predominantly filled with marine clastic sediments of Miocene age, up to 3 km thick. The basement of the Carpathian Foredeep represents the epi-Variscan platform with its Mesozoic cover (Oszczypko, 2006) . Ac-30 D. LELEK ET AL. Fig. 1 . Location maps. A. Position of the Polish Carpathian Foredeep in the Alpine-Carpathian system (after Oszczypko et al., 2006, modified) . B. Locality of wells on 3-D seismic image (investigated in this study bolded). C. Sketch-map of the Polish Carpathians and their foredeep (after Oszczypko 2006, modified) . Abbreviations: Su -Siary, Ru -Raèa, Bu -Bystrica, Ku -Krynica subunits of the Magura Nappe. Boreholes: P-3k (Piskorowice-3k), . Main groups of tectonic units of the Outer Western Carpathians: Marginal Group (external): Borislav-Pokuttya, Stebnyk (Sambir) and Zg³obice Units; Middle Goup (central): Grybów, Fore-Magura, Dukla, Silesian, Subsilesian and Skole units and Magura Group (internal).
BIO-AND CHRONOSTATIGRAPHY OF THE BADENIAN AND SARMATIAN DEPOSITS OF THE PCFB
The Badenian strata in the outer part of the PCFB traditionally were subdivided into 3 lithostratigraphic units: the lower Badenian sub-evaporitic, the middle-Badenian evaporitic and the upper-Badenian supra-evaporitic units (Ney, 1968; Ney et al., 1974) . According to the recent Early-Middle Miocene integrated stratigraphy of the Central Paratethys (Piller et al., 2007; Hohenegger et al., 2009 Hohenegger et al., , 2011 Hohenegger et al., , 2014 , the Badenian stage is divided as follows: early , middle Badenian (Moravian: 15.032-13.82 Ma) and late . The Badenian-Sarmatian boundary is dated at 12.829 Ma.
The sub-evaporitic unit in the north-eastern part of the PCFB is represented by the Piñczów Formation, which is the equivalent of the Skawina Formation in the western part (Jasionowski and Peryt , 2004; Oszczypko et al., 2006) . According to determinations of calcareous nannoplankton, the lower part of this formation belongs to the NN5 Zone, while its upper (sub-salt) part is referable to the NN6 Zone (GaŸdzicka, 1994; Garecka et al., 1996; Andreyeva-Grigorovich et al., 1997 Peryt, 1999; Peryt and Gedl, 2010) .
The evaporitic unit (Wieliczka and Krzy¿anowice formations), the major correlative horizon in the PCFB (Peryt, 2006 , and references therein; see also Garecka and Olszewska, 2011) , belongs to the lower part of the NN6 Zone, corresponding to the late Badenian (Peryt, 1997; Peryt et al., 1997 Peryt et al., , 1998 Andreyeva-Grigorovich et al., 2003 Peryt and Gedl, 2010) .
The evaporites are covered by late Badenian (Kosovian) and Sarmatian deposits (GaŸdzicka, 1994; Andreyeva-Grigorovich et al., 1999; Olszewska, 1999; Andreyeva-Grigorovich et al., 2003) . In the Kraków-Bochnia area, the salt deposits are overlain by clays and mudstones of the Chodenice Beds, which pass upwards into the Grabowiec Beds (Porêbski and Oszczypko, 1999 ; see also Andreyeva-Grigorovich et al., 2003) . To the north, the thickness of the Chodenice Beds decreases to a few dozen metres, to be replaced by marly claystones of the Spirialis/Pecten beds. The Pecten Beds occur along the northern part of the PCFB and pass towards the SE into open marine deposits of the Spirialis Beds (Jurkiewicz and Karnkowski, 1961) . East of the Dunajec River, the evaporites are covered by the thick clayey-sandy deposits of the Machów Formation, reaching 1500 m in thickness in the central part and 2500 m in the eastern part (Alexandrowicz et al., 1982; Oszczypko et al., 2006) , the so-called Krakovets (Krakowiec) Shale or Krakovets Beds (£omnicki, 1897 (£omnicki, , Ney et al., 1974 Piwocki et al., 1996) . As a facies unit, the Krakovets Shale is subdivided on the basis of fossils into the Syndesmya (Abra) Beds in the lower part and the Serpula-Ctenophora Beds above (Paw³owski et al., 1985) . GaŸdzicka (1994) assigned the Pecten and overlying Syndesmya beds to the undivided NN8-NN9 zones. Within the Pecten Beds, associated with the post-evaporite Kosovian transgression and marine deposition, a rhyolite tuffite layer was dated (Ar/Ar) to give an average age of 13.06 ± 0.11 Ma (Nejbert et al., 2010; OEliwiñski et al., 2012) . This indicates that the Pecten Beds were deposited during the lower part of the NN6 Zone, not during the NN8 Zone or later, as was formerly suggested (GaŸdzicka, 1994) , whereas the Badenian-Sarmatian transition in the PCFB took place soon after 13.06 ± 0.11 Ma (Nejbert et al., 2010; OEliwiñski et al., 2012) . Furthermore, in the PCFB the Badenian salinity crisis ended before ca. 13.06 ± 0.11 Ma (Nejbert et al., 2010; OEliwiñski et al., 2012) , which is consistent with other radiometric results, according to which the crisis began shortly after 13.81 ± 0.08 Ma and the deposition of evaporites took place ca. 13.60 ± 0.07 Ma (De Leuuw et al., 2010) . Thus both the evaporites and the Pecten Beds represent the lower part of the NN6 Zone.
In 1966, Odrzywolska-Bieñkowa identified the Anomalinoides dividens and Elphidium hauerinum zones in the Krakovets Beds (£uczkowska, 1964) and pointed out the limitations on foraminiferal age assignments for the Late Miocene, both in the Mediterranean and Paratethys areas (Odrzywolska-Bieñkowa, 1966 ; see also Olszewska, 1999) . Jurkiewicz (in: Ney, 1969) in turn identified two Sarmatian foraminiferal zones with Anomalinoides dividens and Quinqueloculina sp. in the Krakovets Beds. In further studies of these deposits, Odrzywolska-Bieñkowa (1972) and £uczkowska (1972) described foraminiferal zones, representing the early and middle Sarmatian (Volhynian-Bessarabian).
For the Krakovets Beds in the northeastern part of the PCFB, GaŸdzicka (1994) suggested the NN8 Catinaster coalithus Zone or even the NN9 Discoaster hamatus Zone (Sarmatian, according to GaŸdzicka, 1994; Pannonian, according to Piller et al., 2007 ; see also Garecka and Olszewska, 2011) .
Subsequent studies on the foraminiferal associations (Czepiec, 1997; Olszewska, 1999) indicated the late Badenian-late Sarmatian age of the Krakovets Beds (the early Sarmatian Anomalinoides dividens horizon and the lower part of the late Sarmatian Protelphidium subgranosum horizon). Olszewska (1999) considered the calcareous nannofossil to be more diagnostic for the Late Miocene deposits, by comparison with the foraminifera. Garecka and Jugowiec (1999) assigned the Machów Formation (the Pecten Beds and the Krakovets Shale) to the NN5 (Kupno area) and NN6 (Cegielnica and Dêbica areas) zones (early Badenian).
Paruch-Kulczycka (1999) assigned the upper part of the Krakovets Beds to the Pannonian (early Late Miocene), on the basis of thecamoebians and foraminifera.
Extensive studies of the Machów Formation were carried out in the Soko³ów-Smolarzyny area in the eastern part of the PCFB, north of Rzeszów (Krzywiec et al., 2008 ; see also Oszczypko-Clowes et al., 2012) . Calcareous nannofossil data were evidence of the NN6 Zone in the lower part of the Machów Formation and the NN7 Zone in the upper part (Oszczypko-Clowes in: Krzywiec et al., 2008) .
In 2011, Garecka and Olszewska presented results from the Middle Miocene deposits in SE Poland and Western Ukraine, which confirmed the reliability of the foraminiferal zones described by £uczkowska (1964) and the high degree of correlation between the Polish and Ukrainian assemblages (the Pecten/Spirialis beds and the Kosiv Formation, respectively). The supra-evaporitic deposits were assigned to the calcareous nannoplankton NN6, NN6-NN7 and NN7 zones. Calcareous nannofossils assemblages, observed both in the Polish and Ukrainian part of the Carpathian Foredeep (the Krakovets Beds and the upper part of the Kosiv and Dashava formations), were also similar, so that correlation based on this group also was possible (Garecka and Olszewska, 2011 ).
MATERIAL AND METHODS
Presented studies of the Machów Formation were concentrated in the eastern part of the Polish Carpathian Foredeep Basin (PCFB) in the Sieniawa-Rudka area, within the Miocene Ryszkowa Wola Horst (Fig. 1) . A total of 55 samples were collected from two boreholes at the following depth intervals (depth in regard to ground level): Rudka-13 (28 samples): 520-538 m, 550-538 m, 558-569 m; Wylewa-1 (27 samples): 660-678 m, 820-838 m.
Slides were prepared using the simple smear-slide technique (Bown and Young, 1998) . The slides were examined under the light microscope (LM) Nikon Eclipse E600 POL under cross-polarized and transmitted light at x1000 magnification. The simple smear-slide preparation technique was used for relative abundance count analyses. Results of these analyses and further statistical treatment are presented in Tables 1-6 and Appendix Tables 1 and 2. In each sample, the relative abundance of individual nannofossil taxa was determined by counting up to 300 specimens per slide. According to Thierstein et al. (1977, vide Bown and Young, 1998) , at the 95% confidence level 300 specimen counts ensure the presence of a taxon, the relative abundance of which was 1% of the total population. In the majority of samples, the number of specimens greatly exce-eded 300. After reaching the required number of coccoliths, a further 200 fields of view were checked for biostratigraphically and palaeoecologically significant, but rarer species.
The individual numbers of specimens of autochthonous taxa and species found, but not previously counted (marked as "x"), were listed in Tables 5 and 6 and used as input data in complex statistical analysis. Following AEoriae and Švábenická (2004) , these species were grouped into "Miocene s.s. taxa" and "taxa with their last occurrence mentioned during the Miocene". The former expression concerns species with their first occurrence known from the Miocene. The latter includes long-ranging taxa, which occur in the Palaeogene and extend into the Miocene; hence the specimens of these species can be autochthonous or reworked from older strata. The third group distinguished as clearly "allochthonous taxa" was excluded from the statistical analysis. This group includes reworked species of Early Miocene, Palaeogene (mostly Eocene) and Cretaceous age. For the purpose of age assignment, several biostratigraphic schemes were applied in this paper, namely zonations proposed by Martini and Worsley (1970) , Bukry and Okada (1980) , Theodoridis (1984) , Fornaciari et al. (1996) and Young (1998) . Periodical palaeogeographic changes have reflected the size of coccoliths through the time, thus in the case of some species the morphometry is also taken as a stratigraphic criterion, e.g. Coccolithus miopelagicus (> 14 μ).
For estimation of the numerical proportion of an individual taxon in a sample, the following formula was used:
where x is a number of specimens counted and n is a fixed total number of specimens of all species (in this case 300). Assuming the random character of the counts, according to Drooger (1978) , the statistical error in p may be considered to be equal to the theoretical standard deviation, thus the proportion of a taxon in the statistical population can be given as:
(multiplied by 100 to obtain percentages; Appendix Tabs 1, 2). For the purpose of the present study, only the quantitative data for autochthonous assemblages are discussed in detail, although some of the long-ranging taxa may have been reworked from older strata. On the basis of relative abundance, the percentages of autochthonous and clearly allochthonous components were estimated, taking into account the fixed total of 300 specimens with a statistical error calculated according to the formula given above. Sample data were investigated using multivariate cluster analysis of a matrix of Euclidean distance measures between species, performed by Ward's method (Ward, 1963) , with subsequent determination of the species, indicative of the clusters obtained (DufrÃne and Legendre's indicator value method, 1997). Ward's method uses an analysis-of-variance approach to evaluate the distances between clusters. In brief, it attempts to reduce the sum of squares of any two (hypothetical) clusters that can be formed at each step (Hammer et al., 2001 , vide Watkins, 2007 . According to DufrÃne and Legendre (1997) , the indicator value index (INDVAL) is de-fined as follows: for each species j in each cluster of sites k, one computes the product of two values, A kj , a measure of specificity based on abundance values, and B kj , a measure of fidelity, computed from presence data:
A kj = Nindividuals kj /Nindividuals + k B kj = Nsites kj /Nsites + k INDVAL kj = A kj x B kj x 100 In the first formula, Nindividuals kj is the mean abundance of species j across the sites pertaining to cluster k. Nindividuals + k is the sum of the mean abundances of species j within the various clusters. Using the mean number of individuals in each cluster, instead of summing the individuals across all sites of clusters, removes any effect of variations in the number of sites belonging to the various clusters (DufrÃne and Legendre, 1997; Legendre, 2013) . A kj reaches a maximum, when species j is present only in cluster k. In the formula for B kj , Nsites kj is the number of sites in cluster k where species j is present and Nsites +k is the total number of sites in that cluster. B kj is a maximum, when species j is present at all sites of cluster k. The quantities A and B represent the independent features of species distribution; hence, they must be combined by multiplication. A final multiplication by 100 gives percentages. INDVAL kj reaches a maximum (= 100%), when the individuals of species j are observed in all sites, belonging to a single cluster. INDVAL j = max [INDVAL kj ] means that of species INDVALj for a partition of sites is the largest value of INDVAL kj noted over all clusters k of that partition (DufrÃne and Legendre, 1997) . Table 3 Indicator values (%) of species for clusters obtained by Ward's method in the Rudka-13 borehole (highest IV bolded) Cluster 1 In order to show the relations between samples and species in low-dimensional space, Nonmetrical Multidimensional Scaling (nMDS) also was used, based on Euclidean distances. All statistical analyses were performed using the STATISTICA 10 (StatSoft) software package.
RESULTS

Core material
In 2012, the authors profiled and sampled for calcareous nannoplankton studies core material from the boreholes Rudka-13 (520-538 m, 550-538 m, 558-569 m, altogether 34 boxes); Wylewa-1 (660-678 m, 820-838 m, altogether 31 boxes). Although the profiles are characterized by monotonous lithology, the subtle lithological differences are distinguishable on the curves on wells logging graphs (Krzywiec et al., 2005; Mastalerz et al., 2006) . On the basis of 3-D seismic data and geophysical well logs, the siliciclastic series of the Machów Fm succession has been reliably correlated and subdivided into several genetic stratigraphic sequences sensu Galloway (1989; Krzywiec et al., 2005; Mastalerz et al., 2006; Fig. 3 ). The Miocene succession is characterized by a shallowing-upward trend of sedimentation. It consists of offshore hemipelagic, turbiditic and deltaic and nearshore-to-estuarine facies associations (Krzywiec et al., 2005) . Lithological logs and photographs of core material are presented on Figs 4-8.
Nannoplankton analysis
The calcareous nannofossils collected from the Rudka-13 (R-13) and Wylewa-1 (W-1) boreholes were generally abundant and well preserved. Some taxa had a medium degree of preservation or were poorly preserved in the form of smaller fragments or with broken elements, which made identification inconclusive, especially within the Discoaster group. Traces of dissolution were not recorded. The majority of samples were characterized by a high number of allochthonous specimens (Figs 9, 10). The estimated statistical error for autochthonous and allochthonous groups was between 2.8 and 2.9%, rounded to 3%. In the sample descriptions, the abbreviations were used. The number of sample (s.) comes from number of sampled box. Roman numbers indicate metre of depth intervals, from which samples were collected (Tabs 5, 6).
In the R-13 borehole ( Fig. 9 ), reworked specimens generally prevail over the autochthonous specimens. In three samples (R-13 s. 26, R-13 s. 14, R-13 s. 12), their percentages are similar with a difference of only a few percent.
In the W-1 borehole (Fig. 10) , the percentages of autochthonous and clearly allochthonous component are diverse. In a few samples, the occurrence of former is slightly higher, in one sample reaching a maximum value of 58.0 ± 3%. In three samples (W-1 s. 14, W-1 s. 6, W-1 s. 4), the percentages of allochthonous species are visibly higher. In the remainder of the profile, the reworked component is usually predominant or the percentages are comparable. The diversity of the autochthonous assemblage was low, in comparison to the allochthonous component. Within the former group, 20 species were recognized in the R-13 borehole and 21 species in the W-1 borehole, whereas within the reworked group 70 species were identified in the R-13 borehole and 76 species in the W-1 borehole, excluding the Cretaceous species that were combined in one group. The distribution of autochthonous and reworked calcareous nannofossils in R-13 and W-1 is arranged alphabetically and listed in Tabs 1 and 2.
Calcareous nannoplankton distribution
The Miocene associations from both of the boreholes investigated were dominated by the long-ranging Coccolithus pelagicus, Cyclicargolithus floridanus and Reticulofenestra pseudoumbilica (> 7 μm) occurring in each sample.
In the R-13 borehole (Appendix Table 1 ), the abundance of C. pelagicus varies between 7.0 ± 1.5% and 15.0 ± 2.1%, but usually is higher than 11%. The occurrence of C. floridanus is relatively lower and in the majority of samples its percentage is between 5.7 ± 1.3% and 9.3 ± 1.7%, usually under or around 8%. Another prevailing species is R. pseudoumbilica (> 7 μm) with a variable percentage oscillating between 2.7 ± 0.9% and 12.3 ± 1.9%. Only a few samples reach values of above 10%. Relatively less commonly recorded were specimens of Reticulofenestra minuta, Sphenolithus moriformis, Pontosphaera multipora and Coccolithus miopelagicus (> 14 μm). Helicosphaera carteri is present in each sample with its occurrence often under or around 2%. Reticulofenestra haqii occurs with variable abundance. With lower and irregular frequency, species such as Calcidiscus macintyrei, Coronocyclus nitescens, Sphenolithus abies and Braarudosphaera bigelowii were noted. Specimens of Pontosphaera discopora, Helicosphaera inter-m edia and Helicosphaera walbersdorfensis occurred irregularly, at under or just above 1%. Among the rare discoaterids, only Discoaster deflandrei and Discoaster exilis were observed. Specimens of Calcidiscus premacintyrei and Umbilicosphaera rotula and Rhabdosphaera procera rarely occurred.
In the W-1 borehole (Appendix Table 2 ), the abundance of C. pelagicus varies between 5.3 ± 1.3% and 14.7 ± 2.0%. In the majority of samples, it occurs in amounts above or just below 10%, higher than R. minuta. The abundance of C. floridanus in most samples is also relatively high, at above or around 10%. The occurrence of R. pseudoumbilica (> 7 μm) was mostly between 6.3 ± 1.4% and 14.7 ± 2.0% with a maximum in sample W-1 s. 7. Such species as Reticulofenestra minuta, Sphenolithus moriformis and Pontosphaera multipora occur relatively less frequently but regularly. Braarudosphaera bigelowii was present in each sample with a variable frequency, but higher up in the profile (interval 660-678 m), the values slightly increase and reach a maximum in sample W-1 s. 3. C. miopelagicus (> 14 μm) occurs irregularly. Specimens of C. nitescens were observed continuously with a frequency from 0.3 ± 0.3% to 3.0 ± 1.0%. Reticulofenestra haqii was present in the majority of samples, amounting to mainly below or just around 2%. Helicosphaera carteri occurs continuously, with an abundance of usually under or just above 1%. Specimens of Sphenolithus abies, Calcidiscus macintyrei, Heli-36 D. LELEK ET AL. Fig. 3 . Interpreted seismic profile calibrated by Wylewa-1, Rudka-1 and Rudka-13 wells. White horizon -Badenian evaporates. Genetic sequences: H, J, K -turbiditic; L, M, N -deltaic; P, Q, R, S -deltaic; T, V -low-energy nearshore to estuarine facies (after Mastalerz et al., 2006, simplified) . For location see Fig. 1. cosphaera intermedia, H. walbersdorfensis and Pontosphaera discopora were recorded less commonly and irregularly. Scarce specimens of Discoaster deflandrei, Umbilicosphaera rotula, Calcidiscus premacintyrei and Discoaster exilis were also observed.
In the Rudka-13 and Wylewa-1 boreholes, the clearly allochthonous component ( 
Multivariate analysis
In the Rudka-13 borehole, cluster analysis by Ward's method differentiated 3 main clusters (Figs 11, 12 ). Cluster Table 3 ) This cluster groups 3 samples, situated in the upper part of the profile. On the nMDS plot, this group appears to be distinctive from the other one, situated on the left side of the first axis and the lower part of the second axis. In Cluster 2, Calcidiscus premacintyrei is absent. Samples belonging to this cluster on the nMDS plot are located from the centre to the left side of the first axis and from the centre of the second axis to its upper part. In Clus-ter 3 Calcidiscus premacintyrei and Umbilicosphaera rotula are absent. Only two species have high indicator values, namely Pontosphaera discopora and Calcidiscus macintyrei. Samples of Cluster 3 are positioned in nMDS from the centre of first axis to the right part of the first axis and in the second axis from the centre to its upper part. In the centre of the nMDS plot, Cluster 2 and Cluster 3 make contact.
In the Wylewa-1 borehole, 5 clusters were differentiated (Figs 13, 14) . The main indicator species are shown in Table 4 (bolded values). In Cluster 1, Calcidiscus prema-38 D. LELEK ET AL. 
DISCUSSION
Biostratigraphy
The standard calcareous nannofossil zonation of the Miocene was constructed mainly on the basis of first (FO) or last occurrence (LO) of Discoaster species, the distribution of which was presumably controlled ecologically and depended on palaeogeography. Discoasters occur much more often in the Mediterranean area than in the Paratethys (Perch-Nielsen, 1985) . Therefore the Miocene zonations of Martini and Worsley (1970) and Bukry and Okada (1980) usually are readily obtained in lower latitudes, where discoasters are common in open-ocean assemblages. This also applies to other index species (Perch-Nielsen, 1985) . In such cases it is necessary to use alternative species for the Paratethys (Perch-Nielsen, 1985) . According to Báldi-Beke (1982) , helicoliths are neither purely oceanic nor typical nearshore in distribution, which resulted in their expansion in the unstable palaeoenvironmental conditions of the Carpathian Foredeep and brought about an increase in their stratigraphical importance (see Švábenická, 2002) . The composition of nannoplankton assemblages in the Rudka-13 and Wylewa-1 boreholes gave evidence of undivided NN6-NN7 zones. These biozones are extremely difficult to distinguish in the Central Paratethys realm, owing to the fact that in high latitudes discoasters and C. coalithus are scarce or absent (Bartol, 2009, and references therein (Hay, 1970; Martini, 1971 ; see also Perch-Nielsen 1985) . C. floridanus gradually disappeared in NN6 and was replaced by abundant Reticulofenestra pseudoumbilica (> 7 μm) near the top of this zone.
The Discoaster kugleri Zone (NN7) begins with the FO of Discoaster kugleri and/or the LO of C. floridanus to the FO of Catinaster coalithus (Bramlette and Wilcoxon, 1967; Martini, 1971; Bukry and Okada, 1980; see Perch-Nielsen, 1985) . Six-rayed discoasters, such as D. challengerii, D. aff. brouweri and D. bollii, also occur. C. floridanus definitely disappears, whereas Discoaster deflandrei decreases in abundance and disappears near the top of NN7 (Perch-Nielsen, 1985) . Furthermore the FO of D. kugleri is a problematic event, since unambiguous specimens never occur commonly. Lehotayova and Molèikova (1978, vide Garecka and Olszewska, 2011) , owing to the absence of D. kugleri, assigned the upper Badenian (Kosovian substage) to the NN6 Zone. Cicha et al. (1998) consider that the extent of the NN6 Zone (upper Badenian-lower Sarmatian) does not allow determination of the Badenian-Sarmatian boundary exclusively on the basis of calcareous nannoplankton (see Garecka and Olszewska, 2011) . Taking into account all these constraints, NN6 and NN7 were joined together (Young, 1998 ; see also Oszczypko-Clowes et al., 2009; Garecka and Olszewska, 2011, and literature therein) .
According to Young (1998) , the interval NN6-NN7 is characterized by low species diversity, as lots of the taxa of earlier assemblages become less frequent or completely disappear. Therefore, a unit defined on the basis of negative criteria can be difficult to subdivide. The most common for NN6-NN7 are species, such as Reticulofenestra pseudoumbilica, Coccolithus pelagicus, Calcidiscus leptoporus, Discoaster exilis, Helicosphaera carteri, Umbilicosphaera jafari, U. rotula. Less frequent, but biostratigraphically more useful, are Triquetrorhabdulus rugosus, Discoaster kugleri and Helicosphaera orientalis. The large species Coccolithus miopelagicus (> 14 μm) is also confined to the NN7 Zone, but its FO is gradational (Young, 1998) . According to Galoviae and Young (2012) , the large Coccolithus miopelagicus is a useful marker within the Sarmatian, especially its LO which is observed at the NN7-NN8 boundary in the Paratethys.
The Miocene associations from the R-13 and W-1 boreholes were dominated by C. pelagicus, C. floridanus and R. pseudoumbilica (> 7 μm). The first two species belong to long-ranging taxa, but there are no criteria for recognition of which specimens are redeposited. As mentioned above, the LO of C. floridanus was proposed by Bukry and Okada (1980) as an alternative event to the FO of D. kugleri for the base of NN7, but according to Fornaciari et al. (1990) , the LO of C. floridanus is diachronous in different latitudes and geographic regions and therefore must be used with caution in biostratigraphy. In mid and high latitudes, this species occurs up to the Late Miocene (Garecka and Olszewska, 2011) . Galoviae and Young (2012) mention the LO of C. floridanus as being a very useful indicator of the NN6-NN7 boundary, although some overlap between D. kugleri and C. floridanus was observed (Varol, pers. comm., vide Galoviae and Young, 2012) . In the equatorial Pacific, the LO of this species was dated at 13.32 Ma (Turco et al., 2002) , in the equatorial Atlantic at 12.65 Ma (Olaffson, 1989) and in the Mediterranean at 13.3 Ma (Hilgen et al., 2003 , vide Bartol, 2009 ). In the North Atlantic, a decrease in abundance of C. floridanus was recorded at 13.2 Ma, but scarce specimens 44 D. LELEK ET AL. were still observed at 11.9 Ma (Gartner, 1992 ; see Bartol, 2009 ). The FO of R. pseudoumbilica (> 7 μm), takes place at the very top of NN5. This event is considered as an alternative marker for the NN5-NN6 boundary (Fornaciari et al., 1990; Young, 1998) . Reticulofenestrid taxonomy strongly depends on placolith size concepts and hence the differences in estimation of its FO (Fornaciari et al., 1990) . According to Fornaciari et al. (1996) , the FCO of R. pseudoumbilica (> 7 μm) can be considered as reliable in the Mediterranean record and useful to identify the sub-zonal boundary (see Bartol, 2009 ) between MNN6a (lower NN6) and MNN6b (upper NN6). The first common occurrence (FCO) of R. pseudoumbilica (> 7 μm) was dated at 13.10 Ma (Abdul Aziz et al., 2008) . Galoviae and Young (2012) consider the abundant to almost monnofloral appearance of large R. pseudoumbilica (> 7 μm) with the subsequent last occurrence or absence of C. floridanus as the beginning of the Sarmatian, which were observed in the Hrvatsko Zagorje Basin and in the North Croatia Basin. In the profiles studied by the present authors, R. pseudoumbilica (> 7 μm) is one of the predominant species in the assemblages. Specimens of Calcidiscus macintyrei were observed much less frequently, but in the majority of samples. The contradictions in estimation of its FO are partly associated with different taxonomic concepts (Fornaciari et al., 1996) . In the present study, the authors consider C. macintyrei species equal to or larger than 11 μm (see Fornaciari et al., 1996, and literature therein) . According to Fornaciari et al. (1990) tyrei is restricted to forms of this size, its FO can be assigned to the interval between the FOs of D. kugleri and C. coalithus (NN7). Nagymarosy (1985 , vide Garecka, 2014 describes C. macintyrei from the NN7 Zone assemblage (Hungary). Fornaciari et al. (1996) did not use the FO of C. macintyrei as a zonal boundary, owing to its low abundance, although Foresi et al. (2002) suggest that this event, if not taken as a zonal boundary marker, can be used in the Mediterranean to improve the stratigraphic resolution in the topmost part of the MMN6b Subzone (upper NN6 Zone). Švábenická (2002) and AEoriae and Švábenická (2004) describe this species from the NN6 Zone or even from the NN5 Zone. According to Peryt (1997) , C. macintyrei occurs with S. heteromorphus in the NN5 assemblage, while it is found together with D. exilis, H. walbersdorfensis and small reticulofenestrids in the NN6 assemblage. The FO of C. macintyrei was dated at 13.16 Ma (Turco et al., 2002) . Owing to the diachronous occurrence of C. macintyrei in different latitudes, Olaffson (1989) and Raffi and Flores (1995) do not consider its FO to be a good stratigraphic marker (see Bartol, 2009 ). According to Fornaciari et al. (1990) , the LO of C. nitescens seems to be a better event than the FO of D. kugleri for the subdivision of the NN6-NN7 interval. In both profiles, single specimens of C. nitescens occur in almost all samples. According to Müller (1981) and Fornaciari et al. (1996) the LO of Helicosphaera walbersdorfensis can be considered as being close to the LO of D. kugleri and to the FO of C. coalithus. Müller (1981 , vide Fornaciari et al., 1996 was the first to point out the significance of Helicosphaera walbersdorfensis for the biostratigraphic classification of the Miocene. In R-13 and W-11, H. walbersdorfensis occur sporadically throughout the profiles. Gartner (1992) and Rafi et al. (1995;  see also Fornaciari et al., 1996) indicated the potential usefulness of the disappearance of Calcidiscus premacintyrei for subdividing the long interval between the LO of S. heteromorphus and the FO of C. coalithus (NN6-NN7). In R-13 and W-1, C. premacintyrei was extremely rare. Assemblages also consisted of species, such as Braarudosphaera bigelowii, Coccolithus miopelagicus (> 14 μm), Discoaster deflandrei, Helicosphaera carteri, H. intermedia, Pontosphaera discopora, P. multipora, Reticulofenestra haqii, R. minuta, Sphenolithus abies, S. moriformis and Umbilicosphaera rotula, also characteristic for this interval. Although S. abies was described from the NN6-NN7 interval in the Central Paratethys (Lehotayova and Molèikova, 1978, vide Garecka, 2014) , in Mediterranean region this species was observed in NN4 (Theodoridis, 1984) . Bukry (1973) assigned it to NN5, whereas Perch-Nielsen (1985) to the NN9 Zone. In both profiles investigated, single specimens of Sphenolithus heteromorphus were observed, presumably as a result of redeposition. According to Müller (1981 , vide Garecka, 2014 S. heteromorphus can occur sporadically in the NN6 and NN7 zones. Specimens of Catinaster coalithus were absent. On the basis of these results, the studied deposits belonging to the Machów Fm were assigned to the undivided NN6-NN7 zones, although this composition of calcareous nannoplankton could even indicate the NN7 Zone, as was previously suggested by Oszczypko-Clowes et al. (2012;  see also Oszczypko-Clowes in Krzywiec et al., 2014) .
Palaeoecology
For the purpose of palaeoecological interpretation, the relative abundance of individual nannofossils taxa was determined to show alterations in the dominance of different species. The estimated quantitative ratios of calcareous nannoplankton taxa showed a general character of the assemblages.
The assemblages from W-1 and R-13 were dominated by nearshore placoliths and shallow-water cribriliths and pentaliths. The former group was represented by C. pelagicus, C. floridanus and R. pseudoumbilica (> 7 μm). Andreyeva-Grigorovich (2002) viewed these species as a cold-water ecogroup, because significant concentrations of them or monnoassociations were observed only in the northern areas of the Atlantic and the polar waters of the Pacific and Indian oceans (McIntyre and Bé, 1970; Dmitrenko, 1993 vide Andeyeva-Grigorovich, 2002 . Rahman and Roth (1990) describe C. pelagicus as a long-ranging species, providing palaeoclimatic information for the Middle Miocene to the Pleistocene. During the early Cenozoic, it evolved in tropical areas and migrated towards the poles during the mid-Cenozoic (Haq and Lohmann, 1976) . Recently C. pelagicus was considered to be a subpolar species, a so-called r-strategist that preferred cold (7-14°C), eutrophic, nutrient-rich surface waters, with intense upwelling Spezzaferri and AEoriae, 2001) . According to Cach±o and Moita (2000) , this traditional interpretation of C. pelagicus as a cold-water proxy does not fully explain its distribution patterns at the Western Iberian Margin. They suggest an extension of the optimum living and maximum temperatures of C. pelagicus to 16°C and 18°C respectively, owing to its abundant occurrence in the upwelling system in waters of subtropical origin, although also related to the lowest temperatures. Cach±o and Moita (2000) infer that its niche may be associated with moderate fronts of different origin (thermal, haline, confluence of distinct water bodies). It appears that this species is mainly a high-nutrient indicator, which can be used as a front tracer of the outer limits of productivity-enhanced areas (Cach±o and Moita, 2000; Doláková et al., 2014) . Its resistance to carbonate dissolution might improve its relative frequency (Rahman and Roth, 1990) .
According to Wei and Wise (1990) , C. floridanus may be considered as temperate water form. It belongs to the long-ranging taxa, which occur in the Palaeogene and extend to the NN7 Zone (Young, 1998) , hence its high abundance can be due to reworking.
R. pseudoumbilica and other related species seem to have no specific ecological preferences (Beaufort and Aubry, 1992) . Usually, this species was regarded as cosmopolitan (Beaufort and Aubry, 1992 , and references therein). During the Neogene, it was most common at mid and low latitudes (Haq, 1980) . The common occurrence of cribriliths, in both profiles represented by the genus Pontosphaera, may be indicative of shallower, marine environments (Bukry, 1971; Roth and Thierstein, 1972 ; see also Aubry, 1984) as may be the presence of pentaliths, such as B. bigelowii (Gran and Braarud, 1935) . The preference of B. bigelowii for shallow waters has been related either to water depth (Takayama, 1972) or to lower salinity and higher turbulence (Aubry, 1984 , and references therein). Blooms of B. bigelowii have been associated also with the influx of terrigenous material (Švábenická, 1999) and eutrophication (Cunha and Shimabukuro, 1997 ; see also Bartol et al., 2008) . Bartol et al. (2008) suggest that this species can thrive in unusual palaeoceanographic conditions and its high abundance is associated with an opportunistic response to reduced competition (Thierstein et al., 2004) . In both profiles, this species occurs with lower frequency, except in the upper part of the W-1 profile, where a significant enrichment in it was observed.
Representatives of Helicosphaera group (Perch-Nielsen, 1985) and small reticulofenestrids (Haq, 1980) were also interpreted as nearshore species. Helicoliths are abundant in shallow, eutrophic near-continental environments with an upwelling regime (Perch-Nielsen, 1985 ; see also AEoriae and Hohenegger, 2008) . In both profiles, they were mostly represented by H. carteri. The geographic distribution of the living species in the Atlantic and the Pacific oceans seems to be dependent upon water temperature (Aubry, 1984, and references therein) . Although H. carteri is eurythermal and tolerates temperature 5-30°C (Okada and McIntyre, 1979) , it is more common in tropical and subtropical nannoflora provinces, while it occurs less frequently in transitional, arctic and subarctic assemblages (Schneidermann, 1977) .
Small reticulofenestrids were observed commonly in nannoflora along continental margins (Haq, 1980) . Owing to ambiguous data about their ecological preferences, the interpretation of the causes of their blooms was unclear (Holcová, 2013) . Wade and Bown (2006) associated blooms of R. minuta with high environmental stress, as this species responds quickly to rapid changes and dominates in conditions, where other taxa cannot compete. It was considered to be a hardy, opportunistic taxon with wide ecological tolerance, but capable of flourishing in nutrient-rich conditions (Wade and Bown, 2006 ; see also Holcová, 2013) . Wade and Bown (2006) pointed out that R. minuta may have tolerated brackish to hypersaline, high-productivity environments, which prevailed immediately prior to and following evaporites deposition. Some researchers regarded small reticulofenestrids as eutrophic species (Wells and Okada, 1997; Flores et al., 1997; Bollmann et al., 1998; Kameo, 2002; Wade and Bown, 2006) , while others associated blooms of small Reticulofenestra with oligotrophic conditions and a well-stratified water column (Hallock, 1987; Beaufort and Aubry, 1992; AEoriae and Rögl, 2004 ; see also Holcová, 2013) . Hallock (1987) indicated that sparse nutrient supplies in an oligotrophic environment necessitate smaller phytoplankton and longer, more complex food chains. Gartner et al. (1983) associated the size of the coccoliths with seasonal fluctuations in nutrients and temperature and suggested that the variation in relative abundance of small R. minuta is a result of changes in nutrient dynamics. According to Beaufort and Aubry (1992) , C. pelagicus and R. minuta had opposite ecological affinities during the Miocene. On the basis of these relationships, AEoriae and Rögl (2004) calculated the percentage of C. pelagicus versus R. minuta (Cp/Rm ratio) and found a high correlation with C. pelagicus and the reworked taxa, together with a negative correlation with respect to R. minuta. In the majority of samples from the W-1 and R-13 boreholes, C. pelagicus strongly predominates quantitatively over small R. minuta and the percentage of clearly allochthonous species is relatively high. This is the result of strong erosion and turbulent water masses in an upwelling regime.
Warm-water sphenoliths were also common in oligotrophic, shallow environments (Perch-Nielsen, 1985; Andreyeva-Grigorovich, 2002; AEoriae and Hohenegger, 2008) . In the W-1 and R-13 boreholes, Sphenolithus genus was represented by S. moriformis and rarer S. abies. Great concentrations of the former were observed in the tropical zones, whereas latter was most numerous in subtropical provinces (Dmitrenko, 1993 , vide Andreyeva-Grigorovich, 2002 . C. miopelagicus also was considered to be a palaeobioindicator for warm, oceanic waters (Aubry, 1984) .
In both profiles, open oceanic discoasters are scarce or absent, which may confirm the shallow palaeoenvironment also documented by other taxa. Most of the Discoaster species had an ecological affinity for tropical and subtropical waters, except for D. exilis and D. deflandrei, which are either tolerant to or exhibit a preference for colder waters (Aubry, 1984; Rahman and Roth, 1990; Chira and Mãrunteanu, 1999) .
The interpretation of the clusters was carried out with reference to these palaeoecological preferences of calcareous nannoplankton. Nonmetrical Multidimensional Scaling (nMDS) was employed to illustrate the relations between the samples in a low-dimensional space. The degree of change in the composition of assemblages along the core could be measured as the distances between subsequent samples, understood as the larger the distance, the stronger the species turnover (AEoriae and Hohenegger, 2008) . Taking into account the relative abundances of individual taxa, the assemblages from both profiles seem to be similar. There is a clear predominance of nearshore eutrophic taxa, accompanied by a high percentage of redeposited species. It seems that the high availability of nutrients and non-stratified, turbulent water masses characterized the entire interval in both the R-13 and W-1 boreholes. The differences concern species, which occur with lower frequencies or do not have particular environmental preferences.
In R-13, Cluster 1, all species were observed in various proportions. Besides C. pelagicus, which is common in the whole profile, the nearshore helicoliths (H. intermedia, H. walbersdorfensis) and cribriliths (P. multipora) also characterize this cluster. The less frequently occurring B. bigelowii, C. premacintyrei, C. miopelagicus (> 14 μm), C. nitescens, R. haqii, R. minuta, S. abies and U. rotula have the highest indicator values of all classes. This cluster groups samples from the upper part of the core. Owing to preferences of the main species, it may indicate a shallow environment with a probable slight shift to oligotrophic conditions and higher temperature. Cluster 2 is characterized by a high proportion of C. pelagicus, C. floridanus, D. deflandrei, H. carteri, R. pseudoumbilica (> 7 μm) and S. moriformis. This cluster may indicate a non-stratified water column with an upwelling regime. In Cluster 3, the main species are rare P. discopora and C. macintyrei occurring with irregular frequency. In addition, relatively high indicator values belong to C. pelagicus and Helicosphaera genus and very low ones to R. minuta, which could indicate near-shore eutrophic environments. The presence of C. macintyrei and helicoliths and the low number of discoasters according to Švábenická (2002) may be associated with an incipient transgression. Garecka and Olszewska (2011) mentioned possible restricted connections with the open seas, documented by the Mediterranean type of calcareous nannoplankton (see Piller et al., 2007) .
In the W-1 borehole, Cluster 1 is characterized by the main species, such as C. macintyrei, B. bigelowii, R. minuta, C. floridanus and U. rotula. B. bigelowii, and small R. minuta were considered to be opportunistic species, appearing in conditions of high environmental stress. Cluster 2 contains only one sample, which differs significantly from the others, which is seen on the nMDS plot ( Fig. 14) . A lot of species are absent (Table 4 ). S. abies and close behind it H. walbersdorfensis demonstrate the highest indicator value in all of the species. Furthermore, S. moriformis, R. minuta, C. nitescens and P. dicopora were the main species. All these species, except for R. minuta, occur relatively less commonly throughout the core. This cluster seems to indicate a shift to warmer conditions. In Cluster 3, the main species are H. carteri, H. intermedia and P. multipora and also rare D. deflandrei and D. exilis. The percentage of reworked species is high (Fig. 10) . It indicates nearshore conditions. In Cluster 4, C. pelagicus dominates and together with helicoliths and cribriliths indicates an eutrophic environment. In this cluster, R. minuta reaches the lowest indicator value. Clusters 3 and 4 seem to indicate similar palaeoecological conditions, which is seen on the nMDS plot where they are in tangential contacting. In Cluster 5, the high indicator values belong to R. pseudoumbilica (> 7 μm), R. haqii and C. miopelagicus (> 14 μm). This cluster seems to characterize intermediate conditions. C. pelagicus, helicoliths and cribriliths also are common; R. minuta is rarer.
CONCLUSIONS
On the basis of calcareous nannoplankton from the Rudka-13 and Wylewa-1 boreholes (Sieniawa-Rudka area), the deposits of the Machów Formation were assigned to the upper part of NN6 Zone and the NN7 Zone, corresponding to the Sarmatian. A definite determination of the NN7 biozone was problematic, owing to the absence of the rare zonal marker species Discoaster kugleri.
Reworked nannofossils were mostly of Eocene and Cretaceous ages. These results indicate that during the Sarmatian the PCFB was supplied with sediment both from the N (Cretaceous deposits of the Miechów Trough) and from the S (folded Miocene strata at the front of the Polish Outer Carpathians).
The results of quantitative analyses, based on the relative abundance of individual nannofossil taxa, indicate a shallow, coastal environment with a high nutrient supply. The estimated high number of allochthonous species and the presence of the damaged elements of coccoliths may indicate a strong supply of terrigenous material and unstable conditions in a shallow-water basin. The palaeoecological interpretation was based on the occurrence of such species as C. pelagicus, reticulofenestrids, cribriliths, pentaliths, helicoliths, sphenoliths, and discoasterids and on the percentage of reworked species. The assemblages were dominated by nearshore placolith and shallow-water cribriliths, whereas open-oceanic discoasterids occur infrequently, which indicates isolation of the basin. The high abundance of C. pelagicus, indicating eutrophic conditions, is correlated positively with the high percentage of reworked taxa, which can be associated with turbulent water masses and deposition near the shoreline. The low variation in composition of the calcareous nannoplankton assemblages from the R-13 and W-1 boreholes may indicate an environment with relatively minor changes.
The high percentage of reworked specimens and the presence of long-ranging taxa and taxa resistant to carbonate dissolution may have affected the palaeoecological interpretation.
